Dipterocarp trees are ecologically and commercially important in Southeast Asian tropical rainforests. For sustainable management of forest ecosystems and conservation of biodiversity, it is essential to establish plantation methods ensuring that genetic variation of the planted trees is equivalent to that in natural forests. The genetic diversity and differentiation of Shorea leprosula and Shorea parvifolia on plantations managed by a private-sector forestry company in Indonesia and those in natural populations were compared using microsatellite markers. Genetic diversity in the planted populations was as high as that in the natural populations. No clear genetic differences between each planted population and the natural forest populations were found. The genetic variation present in planted S. leprosula and S. parvifolia populations did not appear to deteriorate in the planting system implemented in Indonesia, known as Tebang Pilih Tanam Jalur (TPTJ). These results indicate that the current plantation method practiced in the region is suitable for maintaining the original genetic composition and achieving sustainable use of tropical rainforests.
Introduction
Southeast Asia is recognized as one of the major biodiversity hotspots in the world (MYERS et al., 2000; FISHER et al., 2011b) . Since 2000, deforestation of lowland rainforest has become more serious in this region that in other tropical regions (BRADSHAW et al., 2009) . Furthermore, this deforestation is expanding and accelerating (FISHER et al., 2011a) , primarily because of illegal logging and burning of forests to obtain agricultural land (KETTLE et al., 2011) . Therefore, planting after cutting is important: planted forests presently cover more forest area than primary forests (ITTO, 2005) . In addition to the protection of primary forests, maintenance of planted forests is recognized as an effective strategy for conservation of biodiversity (BARLOW et al., 2007; MEIJAARD and SHEIL, 2007) and mitigation of the effects of climate change (BERRY et al., 2010) .
Dipterocarp trees are important resources, both ecologically and commercially, in the Southeast Asian tropical rainforest. The family Dipterocarpaceae is classified into 13 genera, approximately 475 species of which can be found in Southeast Asia (BAWA, 1998; ASHTON, 2004) . Dipterocarp trees are dominant over substantial areas of the forests in this region and constitute the core elements of biodiversity in tropical ecosystems. Dipterocarp trees are also important timber trees and account for 80% of timber exports from the region (KETTLE, 2010) . Therefore, developing a sustainable system for dipterocarp timber production will contribute not only to the maintenance and improvement of the economic activities of rural residents but also to the conservation of biodiversity.
Until recently, planting and efforts to enhance timber production from dipterocarp trees have been unsuccessful (APPANAH, 1998) . One problem was an inconsistent supply of seeds and seedlings because of irregular flowering and fruiting, a short viability period (ADJERS and OTSAMO, 1996) , poor seed quality resulting from frequent insect and fungal attacks (SAKAI, 1980; TOMPSETT, 1987) , and lack of seed storage and handling facilities (NG, 1977) . However, forest concession companies have introduced good nursery facilities for storage of wild seedlings (wildlings) collected during mass flowering years and have successfully managed commercial dipterocarp plantations. Determination of optimal plantation conditions such as tree density, light conditions, and soil humidity has also been another problem. For example, in Indonesia, one of the silviculture system used to manage tropical rainforests is selective cutting and strip planting (Tebang Pilih Tanam Jalur, TPTJ). TPTJ was introduced in 1998 (MINISTRY OF FORESTRY, 1998) FORESTRY, 2009 ). In these systems, enrichment planting is conducted in strips planting in order to increase the density of desired tree species in secondary forests (SOVU et al., 2010) . Trees are planted at the following varied intervals: 5 ϫ 25 m (80 trees/ha), 2.5 ϫ 20 m (200 trees/ha), and 5 ϫ 20 m (100 trees/ha) for TPTJ 1998 , TPTII, and TPTJ 2009 , respectively (MIN-ISTRY OF FORESTRY, 1998 MINISTRY OF FORESTRY, 2005; HARDIANSYAH et al., 2006; MINISTRY OF FORESTRY, 2009) . As a result of the improved guidelines for growing wild seeds in nurseries and the enforcement of the TPTJ system, the cultivation of planted trees has become a sustainable enterprise.
Although strategies for tree planting in plantations have been considerably optimized, the genetic composi- tion of planted trees has not been specifically studied. In the case of planting individuals of native plant species that have originated from wild rather than genetically improved seeds and seedlings, the following two genetic aspects should be considered: genetic diversity within and genetic differentiation among populations. Genetic diversity is essential for conservation of genetic resources, resistance to various pests in natural ecosystems, avoidance of inbreeding depression (FRANKHAM, 1995) , and ecosystem-specific processes including community production and maintenance of floral and faunal diversity (CRUTSINGER et al., 2006) . These advantages are ecologically and economically important because population variability is needed for long-term timber harvesting. Moreover, genetic differentiation between the plantations and the surrounding natural forests should be considered (O'BRIEN et al., 2010) . Even within a single species, genetic differentiation exists between subpopulations because of local adaptations and/or genetic drift (LINHART and GRANT, 1996) . If individuals are introduced to a plantation site from genetically differentiated populations, growth rate and/or population fitness may decrease (HUFFORD and MAZER, 2003) . In the event that the resulting generations grow successfully at the plantation site, genetic crossing with naturally grown individuals may lead to genetic pollution or disturbance of the genetic structure and outbreeding depression in the natural forests (HUFFORD and MAZER, 2003; POTTS et al., 2003) . Therefore, planted populations should have a similar genetic composition to those present in the natural forests.
Shorea leprosula Miq. and S. parvifolia Dyer (Dipterocarpaceae) are common species in the lowland rainforests of Southeast Asia and are known as useful timber species because of their high growth rates and ease of processing for lumber. In this study, we analyzed the genetic composition of S. leprosula and S. parvifolia planted in Central Kalimantan, Indonesia. We then compared these characteristics with those of the natural populations in the same region. Our objective was to investigate whether the current method for planting dipterocarp trees in the region is adequate to maintain genetic diversity and avoid genetic differentiation from the surrounding natural forest.
Materials and Methods

Plant materials and study site
Plant materials for DNA analysis were collected at the concession area managed by PT Sari Bumi Kusuma (SBK), a private forestry company located in Central Kalimantan (Fig. 1) . SBK manages approximately 148 km 2 of the concession area and harvests timbers of 5 Shorea species (S. leprosula, S. parvifolia, Shorea johonensis, Shorea macrophylla, and Shorea platyclados) (HARDIANSYAH et al., 2006) . In SBK, wild seedlings (wildlings) are collected in the natural rainforest surrounding the concession area, Bukit Baka Bukit Raya National Park. After being maintained in the nursery for 10 months, the wildlings are planted according to the TPTJ system (Fig. 2) . For the present analysis, 211 leaves from six plantation stands of S. leprosula (Lpl_2000, Lpl_2003, Lpl_2005, Lpl_2006, Lpl_2007, and Lpl_2008) and 139 leaves from four populations of S. parvifolia (Ppl_2005, Ppl_2006, Ppl_2008_A, and Ppl_2008_B) (numbers shown in population names indicate planting year) were collected ( Table 1) . To estimate the genetic composition of these two species in natural populations, the leaves of 80 individuals of S. leprosula (LNF) and 41 individuals of S. parvifolia (PNF) were sampled from the natural forest surrounding SBK.
Microsatellite analysis
Total genomic DNA was extracted from dried leaf tissues using a modified cetyltrimethylammonium bromide (CTAB) method (MILLIGAN, 1992) . All plant individuals were genotyped using seven expressed sequence taglinked microsatellite loci (EST-SSR) that were developed previously for S. leprosula . Forward primers of each locus were labeled with fluorescent dyes as follows: SleE05_VIC, SleE07_PET, SleE13_NED, SleE14_VIC, SleE16_PET , and SleE21_6-FAM (Applied Biosystems, Life technologies Corporation, Eugene, OR, USA). Multiplex amplification reactions were performed in a total volume of 10 µl containing 5 ng of genomic DNA, 5 µl of 2ϫ Multiplex PCR Master Mix (QIAGEN Multiplex PCR Kit; Qiagen, Valencia, CA, USA), and 0.2 µM of each primer. Using a GeneAmp PCR System 2700 thermal cycler (Applied Biosystems), we performed the amplification reactions under the following conditions: 1ϫ (95°C for 15 min), 25ϫ (94°C for 30 s, annealing temperature for 90 s, 72°C for 60 s), and 1ϫ (60°C for 30 min). The primerpair specific annealing temperature was 45°C for SleE07, SleE13, SleE14, and SleE16, 45.2°C for SleE05 and SleE08, 50°C for SleE15, and 50.1°C for SleE21. PCR fragment sizes were determined using an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems), 3130xl Genetic Analyzer (Applied Biosystems), Genotyper™ 3.7 software (Applied Biosystems), and GeneMapper™ 3.0 software (Applied Biosystems).
Assessment of Hardy-Weinberg equilibrium and linkage disequilibrium of EST-SSR markers
The assumptions of random mating and Hardy-Weinberg equilibrium for each population were tested by the U test and p-values were estimated with Markov chain algorithm using GenPop 4.2 (RAYMOND and ROUSSET, 1995) . Linkage disequilibrium was tested for each pair of loci by the log likelihood ratio statistic using GenPop 4.2 (RAYMOND and ROUSSET, 1995) .
Assessment of genetic diversity and inbreeding coefficients
Number of alleles per locus (N A ), observed heterozygosity (H O ), and expected (H E ) heterozygosity were calculated with GenAlEx 6.4 (PEAKALL et al., 2006) . Allelic richness (AR; EL MOUSADIK and PETIT, 1996) and inbreeding coefficient (F IS ) were calculated using FSTAT 2.9.3.2 (GOUDET, 1995) . Differences in A R , H O , and H E between each populations and natural population were tested using ANOVA and Tukey's multiple comparisons test using values for each locus as a replicate in R (R DEVELOPMENT CORE TEAM, 2010). Deviation of F IS values from zero was evaluated by a significant deficit of heterozygotes for each population at 0.05 of significance levels adjusted by Bonferroni correction for multiple testing using FSTAT 2.9.3.2 (GOUDET, 1995).
Assessment of genetic differentiation between populations
To clarify the level of genetic differentiation between populations, Nei's D (NEI, 1978) and G'' ST (MEIRMANS and HEDRICK, 2011) were calculated for each pair of populations using GenoDive 2.0 b24 (MEIRMANS and TIEN-DERER, 2004 ). Pairwise differentiations were tested with the log-likelihood G-statistics by 999 permutations on GenoDive 2.0 b24 (MEIRMANS and TIENDERER, 2004 ) and p-values were adjusted by Bonferroni correction. An analysis of molecular variance (AMOVA; EXCOFFIER et al., 1992) was used to partition the entire genetic variance into those within and among populations using GenAlEx v6.4 (PEAKALL et al., 2006) . To estimate the number of populations providing genetic sources, a Bayesian cluster analysis was applied to all individuals using STRUCTURE 2.3 ( PRITCHARD et al., 2000 ). An admixture model that assumed correlated allele frequencies among populations was used. Ten runs for each K (K = 1-10) for each species were carried out. For each run, the number of burn-in and MCMC interactions were 100,000 and 1,000,000, respectively. The most likely number of clusters was selected by comparing the log Pr (X|K) [ln P(D)] and the statistic delta K (EVANNO et al., 2005) in each K. For S. parvifolia, the data did not fulfill the assumptions of Hardy-Weinberg equilibrium; therefore clustering analysis was not conducted.
Results
Hardy-Weinberg equilibrium and linkage disequilibrium of EST-SSR markers
Significant deviation (p < 0.01) from Hardy-Weinberg equilibrium was detected in four populations of S. leprosula and all populations of S. parvifolia (Table 1) . Ran- Table 2) . Near-complete independence of the seven loci was shown in S. leprosula but not in S. parvifolia, suggesting a relatively high rate of inbreeding within each population.
Genetic diversity and inbreeding coefficients
The degree of genetic diversity and inbreeding coefficient for each population of S. leprosula and S. parvifolia is presented in Table 3 . The degree of genetic diversity (A R , H O , and H E ) in each plantation was not significantly different from the natural population in either species except for a difference in A R between Ppl_2006 and PNF in S. parvifolia. Two populations of S. leprosula and all populations of S. parvifolia presented significantly high F IS values.
Genetic differentiation between populations
In S. leprosula, G'' ST and Nei's D values between each plantation and natural population were 0.057 on average (range: 0.010-0.098) and 0.047 on average (range: 0.007-0.075), respectively (Table 4 (a)). In S. parvifolia, G'' ST and Nei's D values between each plantation and natural population were 0.055 on average (range: 0.002-0.101) and 0.054 on average (range: 0.012-0.093), Table 4 . -G'' ST values (above diagonal) and Nei's D (below diagonal) for every pairwise populations of (a) Shorea leprosula and (b) S. parvifolia. * Significant population differentiation at 0.05 of significance level adjusted by Bonferroni correction for multiple testing. (Table 4 (b)). AMOVA of hierarchical genetic diversity revealed that genetic variation within populations accounted for 97 % of the total molecular variance, and 3 % of the variance occurred among populations in both species (Table 5 ).
In the Bayesian analysis for clustering of all individuals, the ln P(D) value was highest at K = 1 for S. leprosula. At K > 2, each individual contained alleles derived from each cluster in a similar proportion (Fig. 3) . Thus, all S. leprosula individuals likely originated from a single gene pool and genetic differentiations between populations were not found.
Discussion
Genetic status of plantation stands in SBK
In both Shorea leprosula and S. parvifolia, each plantation contained genetic diversity as large as that in the natural population ( Table 3, Table 5 ). However, Ppl_2006 showed significantly lower allelic richness (A R = 7.86) than the natural forest (PNF, A R = 11.23), the smallest value of observed heterozygosity (H O = 0.52), and the largest inbreeding coefficient (F IS = 0.28) among the plantations of S. parvifolia (Table 3) . Because the study plantations were established by selecting seedlings without genetic information, incidental lack of genetic diversity within a plantation stand could occur. It is likely that S. parvifolia presented a relatively higher level of inbreeding coefficients than S. leprosula, and all populations of S. parvifolia deviated from the HardyWeinberg equilibrium (Table 3) . This difference could have been affected by tree density in the wild populations from which seedlings were taken. In the wild, the density of conspecific flowering trees affects selfing rate in the population (FUKUE et al., 2007) and lower tree density drives a higher rate of inbreeding (TANI et al., 2009) . As a whole, the genetic diversity contained in almost all plantation stands was as high as that in the natural population. This indicates that the current plantation methodology is suitable for maintaining genetic diversity in the planted dipterocarp trees. However, it should be noted that an incidental lack of genetic diversity could occur when the source seedlings are taken from wild populations of low density, or genetically related seedlings are transplanted from a nursery to the same plantation stand.
Significant genetic differentiations between study populations were found, indicating that genetic compositions were nonhomogenous between the plantation stands ( Table 4 ). Genetic compositions could be different between plantation stands because the individuals may be only a part of trees in the original natural forest. However, based on the Bayesian clustering of S. leprosula, the most likely number of genetic clusters was one (Fig. 3) , suggesting that the source of trees in each plantation was similar to each other. Therefore, genetic degradations and disturbance of the genetic structure probably had no importance.
Implication for the dipterocarp plantations in the tropical rainforest
Based on TPTJ, the current plantation method incorporates several factors that may contribute to the maintenance of genetic diversity in plantations. One of these factors is the use of wild seeds and seedlings collected from the natural forest surrounding the concession area. Unlike clonal propagation such as cutting, wild seeds and seedlings derived from natural regeneration are likely to maintain a high degree of genetic diversity. Another factor is the presence of a healthy, natural forest surrounding the concession area, which facilitates the easy collection of seeds and seedlings. Because S. leprosula and S. parvifolia are outcrossing species (LEE et al., 2000; SAKAI et al., 1999) and planted populations may influence the genetic composition of natural populations through gene flow, it is safe to plant seedlings derived from a neighboring natural population. Conservation of the natural forest near the concession area is an advisable policy for the maintenance of the forest landscape and the sustainability of the forestry industry.
To maintain the current genetic status in the plantation stands, appropriate method to select seedlings for plantation is important. The process that may cause the reduction of genetic variation such as selection for specific phenotypic traits or propagation by cutting should be avoided. By mixing the seedlings that originated from different mother trees, we can expect that plantation stands containing high genetic diversity similar to the natural forests may be established and the reduc- tion of the genetic diversity in the process of transplantation of seedlings from nurseries to plantation stands may be prevented.
The sustainability of dipterocarp plantation stands is ecologically and economically important. Ecologically, dipterocarp plantations contribute to ecological services such as the conservation of biodiversity (BARLOW et al., 2007; MEIJAARD and SHEIL, 2007) , the storage of carbon (KETTLE, 2010) . The timber production provides an important income for rural people. Although some plantation systems including TPTJ have been established after repeated improvements, their genetic effectiveness has not been recognized. We report the first genetic evaluation of an intensive enrichment planting system practiced in Indonesia, TPTJ and conclude that the current plantation methodology is basically suitable for maintaining the genetic variation present in natural populations. The continuance and improvement of dipterocarp plantation techniques, with regard to genetic effects are expected.
